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Designation: E 561 - 94 



Standard Practice for 
R -Curve Determination 1 

This standard is issued under the fixed designation E 56I; the number immediately following the ^i^Aeyar of 
SXto or, in the case of revision, the year of last revision. A number in parentheses indicates the year or last approval. A 
superscript cpsilon (<) indicates an editorial change since the last revision or (approval. 



11 Scope 

: : | l This practice covers the determination of resistance to 
fwuring of metallic materials by ^-curves using either the 
deafer-cracked tension panel M(T), the compact specimen 
IcfH or the crack-line-wedge-loaded specimen G(W), to 
Qiver applied stress intensity factor, K> to the material. An 
l^-curvc is a continuous record of toughness development in 
f terms of K R plotted against crack extension in the material as 
facrack is driven under a continuously increased stress inten- 

fety factor, K. t 

R i 2 Materials that can be tested for itaurve development 

pare not limited by strength, thickness, or toughness, so long 

Is specimens are of sufficient size to remain predominantly 

f elastic throughout the duration of the test. 

I 1 ,3 Specimens of standard proportions are required, but 

|fee is .variable* to be adjusted for yield strength and tough- 

Iness of the materials. ' . m 

| 1.4 Onlv three of the many possible specimen types that 

fbould be used to^develop^-curves are .covered Jn Ahis prac- . 

tp 15 This standard does not purport to address all of the 
kqfety concerns, if any, associated with its use. It is the 
WesporisMUy of the user of this standard to establish appro- 
priate safety and health practices and determine the apphca- . 
fhllity of regulatory limitations prior to use. 

fa , 
p. Referenced Documents 

I 2.1 ASTht Standards: 

$ E 399 Test Method for Plane-Strain Fracture Toughness 
H of Metallic Materials! 1 . 
' jl E 6 16 Terminology Relating to Fracture Testing 2 
ILfi 647 Test Method for Measurement of Fatigue Crack, 

j ih Growth Rates 2 

w 

^Terminology 

§13.1 Definitions: : : 
H 3.1,1 crack size, a (L)-~a lineal measure of a principal 
|pianar dimension of a crack. This measure is commonly 
'fsed in the calculation of quantities descriptive of the stress 
displacement fields, and is often also termed crack. 
#§th. 

W^isoission—ln practice, the, value of a is obtained from procedures 
•M measurement of physical crack size, original crack size, a*, and 

fA\t" . 
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effecti ve crack size, <? 0 as appropriate to the situation being considered. 

3.1.1.1 physical crack size, a v (L) — the distance from a 
reference position to the observed crack front. This'distance 
may represent an average from several measurements along 

. the crack front. The reference position depends on the 
specimen form, and it is normally taken to be either the 
boundary, or a plane containing either the load line or the 
centerline of a specimen or plate. 

3.1.1.2 original crack size, a 0 (L)-~ the physical crack size 
at the start of testing. 

3.1.1.3 effective crack size t a c (L)— the physical crack size 
augmented for the effects of crack-tip plastic deformation. 

Discusswrh-Samctimcs the effective crack size, a a is calculated from 
a measured value of a physical crack size, plus a calculated value of 
a plastic-zone adjustment, r Y . A preferred method for calculation of a c 
compares compliance from the secant of a load-deflcction trace with the 
elastic compliance from a calibration of the specimen. 

3.1.2 plastic-zone adjustment, r y (L)— an addition to the 
physical cracksize to account for plastic, crack-tip deforma- 
tion effects on the linear-elastic sties; field 

Discussion— Commonly the plastic-zone adjustment is given by: 

r - « JL i£~ for plane-stress mode 1, and 
tsi 

r v «~ . for plane-strain mode !, 
Y 2* ay 2 • 

where a * y h to V« and <r Y is me effective yield strength. 
In this practice, plane-stress mode 1 is assumed. 

3. 1.3 crack extension, Aa (L)~-an increase in crack size. 
Discussion— For example, Atf p or Ac* is the difference between the 

crack size, either Op (physical crack size) or a, (effective crack size), and 
Oo (original crack size). 

3.1.4 stress-intensity factor, K> K» K 2i K> (FL- 3/2 )—the 
magnitude of the ideal-crack-tip stress field (a stress-field 
singularity) for a particular mode in a homogeneous, linear; 
clastic body. 

Discussion— Values of X for modes 1 , 2, and 3 are given by: 
^ 1 «UrmYK(2^' , ) ,/2 ]. 

Ki - limit by, (2 w r)n 

* where r - a distance directly forward from the crack tip- to a location 
where the significant stress is calculated. 

Discussion— In this practice, plane-stress mode I is assumed. 

3.1.5 crack-extension resistance, K R (FL- 3/2 ), and G R or 
/ R (FIT 1 )-* measure, of the resistance to crack extension 
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scribed. Expressions for the calculation of crack-extcnsi^ 
force arc shown. • 
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FIG. 1 Schematic Representation of R-Curve and Applied K 
Curves to Predict Instability; K & P 3 , a^ Corresponding to an Initial 
Crack Size, a 0 ; 

expressed in the same units as the stress-intensity factor, K; 
the crack-extension force, G f or values of / derived using the 
J-integral concept. 
Discussion^~St& definition otK-atrve. 

3.1.6 R-curve—z plot of crackKixtension resistance as a 
•function of slow-stable crack extension, AOp or Ac,.. 

. Discussion— For specimens discussed in Practice E 561, influence of 
in-plane geometry appears to be negligible, but Curves normally 
depend upon specimen thickness and, for some materials, upon 
" leWperature and strain rate. 

3.1.7 crack displacement (LH-the separation vector be- 
tween two points (on the surfaces of a deformed crack) that 
were coincident on the surfaces of an ideal crack in the 
undeformed condition. 

Discussion— In this practice,: displacement, v, is total displacement as 
measured by clip gages or other devices spanning the crack. Measure- 
ment points on C(W) and QT) specimens are identified as locations V 0 , 
VU and VZ 

3.2 Description of Terms Specific to this Standard: 

3.2*1 plane-stress fracture toughness, K £ —in Practice 
E 561, the value of K R at the instability condition deter- 
mined from the tangency between the jR-curve and the ap- 
plied K curve of the specimen. 

Discussion~Stz the discussion of plane-strain fracture toughness in 
Terminology E 616. 

3.2.2 fixed-load or fixed-displacement applied K curves— 
curves obtained from a fracture mechanics analysis for the 
test specimen configuration. Assume a fixed applied load or 
displacement, then generate a curve of K versus the crack 
size as the independent variable. 



4. Summary of Practice 

4.1 During slow-stable fracturing, the developing crack 
growth resistance, K R) is equal to applied K, The crack is 
driven forward by increments of increased load or displace- 
ment. Measurements are made at each increment for calcu- 
lation of lvalues which are individual data points lying ou 
the ^-curve for the material. 

4.2. The crack starter is a lqw-stress4evel fatigue crack. 

4.3 Methods of measuring crack growth and of making 
plastic-zone corrections to the physical crack length are pre- 



5. Significance and Use 

5.1 incurves characterize the resistance to fracture of n& 
terials during incremental slow-stable crack extension and 
result from growth of the plastic zone as the crack extend 
from a sharp notch. They provide a record of the toughness 
development as a crack is driven stably under increasing ap. 
' plied K. They are dependent upon specimen thickness, temp, 
erature, and strain rate. 

5.2 For an untested geometry, the J?-curve can be matched 
with the applied K curves to estimate the load necessary to 

' cause unstable track propagation at A^O) 3 . (See Fig. 
making this estimate, 7?-curvcs are regarded as though they 
are independent of starting crack length, % and the spec; 
imen configuration in which they are developed- For a given 
material, material thickness, and test temperature, they ap- 
pear to be a function of crack extension, As, only (2). T 0 
predict crack instability in a component, the iteurve may be 
positioned as in Fig. 1 so that the origin coincides with the 
assumed initial crack length, a 0% Applied K curves for a given 
configuration can be generated by assuming applied loads or 
stresses and calculating applied if as a function 6f crack 
length using the appropriate expression for Kol the configu. 
ration. The unique curve that develops tangency with the 
incurve defines the critical load or stress that will cause'onsei 
of unstable -fracturing. ...... - - 

5.3 If the AT-gradient (slope of the applied X curve) of the 
specimen chosen to develop an incurve has negative charac* 
teristics (Note 1), as in the crack-Une-wedge-loaded specimen 
of this method, it may be possible to drive the crack until a 
maximum or plateau toughness level is reached (3, 4, 5). 
When a specimen with positive AT-gradient characteristics 
(Note 2) is used, the extent of the JR-curve which can be 
developed is terminated when the crack beepmes unstable. 

Note I— Fixed displacement in crack-line-loaded specimens result 
in a decrease of K with crack extension. 

Note 2— With load control, K usnaMy increases with crack exteosoft 
and instability will occur at maximum load' 

6. Apparatus 

6 . 1 Grips and Fixtures for Middle Cracked Tension Spec- 
imens, M(T)— In the center-cracked tension tests, the grip 
fixtures are designed to develop uniform load distribution on 
the specimen. To ensure uniform stress entering the crack 
plane, when single pin grips are used, the length between p 
loading pins shall be at least-three specimen widths, 3W> For 
panels wider than 12 in. (3G5 mm), multiple pin grips are 
mandatory, and because such fixtures deliver uniform stress, 
the length requirement (between the innermost row of PW 
is relaxed to 1 .5 W. A typical grip arrangement shown in W 
2 has proven useful. Pin or gimbal connections are located 
between the grips and loading machine to aid the symmetry 
of loading. If extra-heavy-gage ultra-high-strength materials 
are to be tested, the suitability of the grip arrangement may 
be checked using the AISC Steel Construction Manual. 

6,2 Grips and Fixtures for Compact Specimens, C(Tp 



* The boldface numbers in parcnthesss refer to the list of references app^ 
to this practice. 
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FIG. 2 Middle-Cracked Tension Panel Tost Setup 



I; 



Wed«« 



Sptc»m«n 



Spit r Pin 




Boto Block 



RG. 3 Crack-Une-Loaded Specimen with Displacement-Controlled Wedge Loading 



«»: v. 

» 

|pjie grip S anc i fixtures described in Test Method E 399 are 
Iptommended for i?-curve testing where, C(T)-type speci- 
fic are loaded in tension. 

Fixtures for Crack-Un*Wedg*Loading t C(W): 
lH§jM-i Where wedge loading is used, a low-taper-angle 
with a polished finish and split-pin arrangement 
» in Fig. 3 is used. Sketches of a segmented split-pin 
fffifkm which has proved effective for maintaining the load 
P ^dependent of rotation of the specimen arms are 
voided in Fig. 4. ft has been found convenient to use a. 



wedge whose included angle is 3°. With proper lubrication 
and system alignment a mechanical advantage of five can be 
expected. Thus, a loading machine producing Vs the max- 
imum expected test load will be adequate. The wedge must 
be long enough to develop the maximum expected crack- 
opening displacement. The maximum required stroke can be ' 
calculated from the maximum expected displacement v, 
using the EBv/P values found in Table 2, the maximum 
* expected K level in the test, and the wedge angle. 

6.3.2 The wedge-load blocks which drive the load sectors 



491 



E561 




S~Leo« 5«elor* 




FIG. 4 OetaiJ of Special Wedge and Split-Ptn Setup Designed to Prevent Load-line Shift 



are constrained on top (not shown) and bottom to restrict 
.motion to a plane paraileKto.the plaxie of the specimen. This 
allows the load to be applied or released conveniently 
without driving the load blocks and sectors out of the hole in 
the specimen. The wedge-load blocks are designed so that 
line contact exists between the wedge-load block and the load 
sector at a. point that falls on the load line of the specimen. 
This enables the load sectors to rotate as the wedge is driven 
and the original load line is maintained. Any air- or oil- 
hardening tool steel will be suitable for making the wedge 
and wedge-load blocks. A maragrng 300-grade steel should be 
used for the load sectors. The diameter of the sectors shall be 
slightly smaller (nominally l M in. (0.79 mm)) than the 
diameter of the drilled hole in the specimen. 

6.4 Face Plates to Prevent Sheet Buckling-- Buckling may 
develop in unsupported specimens depending upon the sheet 
thickness, material toughness, crack length, and specimen 
size. Buckling seriously affects the validity of a K analysis 
and is particularly troublesome when using compliance 
techniques to determine crack length. It is therefore required 
that rigid face plates be affixed to the M(T), (XV), and QW) 
specimens in critical regions. A. procedure for the detection 
of buckling using autographic records is described in 8.6. 

6.4. 1 For the M(T) specimen, the buckling restraints shall 
be attached to the central portion of the specimen. The plates 
shall be so designed to prevent sheet kinking about the crack 
plane and sheet wrinkling along the specimen width. 

6.4.2 For C(T) and C(W) specimens, the portion of the 
specimen arms and back edge which are in compression 
should be restrained from buckling. For sheet specimens it is 
convenient to use a base plate and cover plate with ports cut 
in the cover plate at appropriate locations for attaching clip 
gages and for crack length observations. Friction between 
buckling restraints and specimen faces is detrimental and 
should be minimized as much as possible. 



6.4.3 Lubrication shall be provided between the face-' 
. plates. and specimen. Care shall be taken to keep, lubricants* 
ont of the crack to avoid possible crack acceleration due to 
aggressive attack. Sheet TFE-fluorocarbon or heavy oils or 
both can be used. The initial clamping forces between op- 
posing plates need not be excessive, but of the order of a few 
pounds, 

6.5 Displacement Gages— Displacement gages are used to 
measure accurately the crack-opening displacement across 
the crack at a preselected location and span. In testing small 
C(VV) and C(T) specimens, the gage recommended in Test 
Method E 399 may have a sufficient linear working range to 
be used. However, in testing larger specimens where Wis 
larger than 5 in. (127 mm), displacements may be of such a 
magnitude that gages with greater working ranges of the type 
shown in Fig. 5 are needed. The use of point contacts eBra- 
inates error in the readings from the hinge-type rotation of 
C(T) and C(W) specimens. The precision of all types of gages 
shall be checked in accordance with the calibration proce- 
dure outlined in 6.3.2 of Test Method E 399. In addition, 
absolute accuracy within 2 % over the working range of the 
gage is required for use with compliance measurements. The 
gages shall be recalibrated periodically. 

6.5.1 A recommended gage for use in M(T) panels, thai is 
inserted into a drilled hole with a machined-in circular knife 
edge, is shown in Fig. 6 (6). The diameter, d lt is the gags 
length 2Y and it should be within 3 % of the dimension 2Y 
used in the calibration. . Detail drawings on the gage are given 
in Fig. 6a/Radius of the attachment tip should be less thaa 
the radius of the circular knife edge in the specimen. Proper 
construction techniques and required electronic procedures 
are specified in Test Method E 399. 

6.5.2 The gage recommended in 6.5.1 is preferred from 
the standpoint of excellent linearity characteristics and ease 
of attachment. However, other types of gages used over 
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350 n 
Gages 



3.40 



NOTE! 

Conical Shape,40 Oeg. 
Included Angle. Points 
Seat In Rockwell Indent 
Marks. 



MM 



Specimen^ 



.300 



3 



FJG, S Enlarged Clip Gago for Double Compliance Work 

. different spaa lengths are equally acceptable provided the 
; precision and accuracy requirements are retained. For ex- 
v.ampie, the conventional clip gage of Test Method E 399 may 
J be used with screw attached knife edges spanning the crack at 
|?a chosen span 2Y. In M(t) tests it is necessary to be cautious 
f in choosing the~proper compliance calibration curve to go 
Swith such arrangement, because compliance is a function of 

'p 6.6 Optical Equipment— If the material being tested is 
* 'sufficiently thin so that the crack-tip contour does not vary 
^significantly from surface to midthickness, crack growth can 
V,bc followed by surface observations using optical equipment. 
{ Qf load is sustained at given increments, so that the crack 
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6 Recommended Gage for Use in Drilled Hole M(T) Panels 
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( Dimensions In mm) 
FIG. 6A Detail Drawings of MfT) Gage . 

stabilizes, crack length can be determined within 0.01 in. (0,2 
nun) using a 30 to 50-power traveling-stage microscope. A 
.movie camera recording system may be useful. A common 
technique is to record simultaneously load and crack growth 
using two synchronized cameras. 

6.7 Other Equipment — Other methods of measuring crack 
length/ are available, such as eddy-current probes, which are 
most useful with nonferrous material, or electrical-resistance 
measurements, where the extension qf the crack is deter- 
mined from electrical potential differences. 

7. Specimen Configuration, Dimensions, and Preparation 

7.1 Specimen Size— In order for the K analysis to be 
valid, the specimen ligaments in the plane of the crack must - 
be predominantly elastic at all values of applied load. 

7.2 For the M(T) panel, the net section stress based on the ■ 
physical crack size must be less than the yield strength of the 
material. The M(T) panel width,. W> is optional provided the 
requirement of 7,1 is observed. The needed width to be 
below material yield may be estimated from the maximum 
expected plastic-zone size, r Y (see 9,1.4), which is directly 
proportional to the square of the material toughness-to-yield 
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Specimen 
Sl2erW "* 1 
3<W<5 1.0 
5<W<10 1.5 
10 <W 2.5 
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as 



RG, 7 Two Pin Hole Compact Tension and Crack-Une-Wedge-Loaded Compact Specimens 



strength ratio. As a guide, a specimen 27r y wide and Vs 
notched is expected to fail at a net section stress equal to the 
yield strength (7), It therefore is desirable to have an estimate 
of the maximum K expected in the test before designing the " 
specimen. As an aid, the following table lists minimum 
recommended M(T) sizes for assumed # m03t -to-yield strength 
ratios. 



(mm"*) 

0.5(0.80) 

1.0(1,6) 

1.5(2.4) 

3.0(4.8) 



Width, i&> (mm) 

3.0(76) 

6.0(152) 
12.0(305) 
20.0(508) 
48.0(1219) 



2%. in. (mm) 

L0{25) 
10(51) 
4.0(102) 
6.7(170) 
16.0(406) 



length, in.' (mm)' 4 

9(229) 
18(457) , 

36(914) 

30(762) 

72(1829) 



' length between pin centers otsingte pin loaded M(T) specimens is nominally 
%W. Panels wider than !2 in. (305 mm) will require multiple pin grips and the 
length requirement is relaxed to \.$W. 

7.3 The recommended C(T) specimen is shown in Fig. la. 
Crack-opening displacement is measured at a point 0,25 W± 
0.0006 or at 0.1576JKin advance of the center line of the 
loading pins. Span of the gage is not critical so long as it is 
less than W/4. Alternative location of the gage is permitted 
but displacement values must be linearly extrapolated to 



0A51GW in order to use the values given in Table .2 for 
compliance measurement 

7.4 The recommended C(W) specimen is shown in Fig. 
lb, Hole size is proportioned according to specimen size. 
Some small amount of specimen brinelling at the hole can be 
tolerated. Clip gage placement is restricted to 0.1576^* 
0,0006^in front and 0303W ±.0.0006W behind the load 
line. Recommended gage span varies with specimen size as 
shown in the figure. 

7.5 In order for a result to be considered valid for Qlj 
and C(W) specimens in accordance with this practice, it * 
required that the remaining uncracked ligament at the end ol 
the test be at least equal to (4/tt) (K mas /<r y ) 2 where * 
the maximum K level in the test and a Y is the 0.2 % oftsci 
yield strength of the material/As an aid, the following tab* 
lists maximum final crack size to width ratios: 

Final 



a686 
0.657 
0.626 
0.594 
0.560 



0.40 
0.45 
0.50 
0.55 
0.60 



Based on: 



The initial relative crack size, dJW, in C{T) and CX^i 
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FIG. 8 



Fatigue" 
track 

Enlarged View of the Right Half of the Permitted Notch 
Envelope in M(T) Panels 



specimens shall be between 0.35 and 0.55. To maximize the 
.valid data generation capacity of a specimen, choose the 
shortest possible initial crack size. . 
. 7.6 Starting Notch—'ttx machined starter slot for any of 
the recommended specimens may be made by electrical- 
discharge machining, end milling, or saw cutting. 

7.6. 1 For the M(T) specimen, the machined notch shall be 
30 to 40 % of W and shall be centered with respect to the 
specimen width within 0.002 W. The machined notch plus 
fatigue precrack shall be within the range of 0.3 W to 0.4 W. It 
is advisable to have root radii at the ends of the slots of 0.003 
in. (0.08 m m) or less to facilitate fatigue cracking. The starter 
slot must be extended by fatigue cracks not less than 0.05 in. 
(13 mm) in length .(see Note 3), The slot must lie within an 

> envelope described -by Fig. 8. > - 

7.6.2 For the C(T) specimen, Fig. 9 shows the allowable 
potch types and envelope sizes. The machined slots must be 
Extended by fatigue cracks not less than 0.05 in. (1.3 mm) in 
length. 

i;,%P Note 3-?Fatigue cracks may be omitted only if it can be shown that \ 
I ,|{| the machined notch root radius effecuvely simulates the .sharpness of a 



#i jfotigue starter crack. 



I 



■J. ---£. 



r 



M 

fai c/«<» 



\Wk 1^ TE need not bo lass man Vio la (1.6 mm) out must not exceed IV/10. • 
* ■ &a 2 "~ The intersection of the crack-starter tips With the two specimen feces 
^SSgJj? ^kfistant from the top and bottom edges of the specimen within 

I ^ FlQ « 9 Envelope for Crack-Starter Notches and Examples of 
i A Notches Extended with Fatigue Cracks 



7.7 All specimens shall be precracked in the final heat- . 
treated condition. The length of the fatigue precrack exten- 
sion shall not be less than 0.05 in. (1.3 mm). Precracking 
■ may include two or more stages: crack initiation and finish 
sharpening of the crack tip. To avoid growth retardation 
from a single step of load shedding, one or more interme- 
diate levels may be added, if desired. To initiate a crack from 
a machined notch, use K^E - 0.00083" 2 (0.00013 m^l 
with an allowed variation of ■+ 5%. See Note 4. Stress ratio 
choice is optional, but R - O.i is commonly used. Finish 
sharpening is to be started at least 0.025 in. (approximately 
0.65 mm) before the end of precracking. The final K. tn JE 
for the finish sharpening shall be 0.00060 in." 2 (0.0001 m l/2 ) 
with an allowed variation of "+ 10%. Finish sharpening ca n 
be expected to require between ^5 x 10 ? cycles to SxIlP 
cycles for most metallic materials when using the above 
recommended K level. Finish sharpening shall not result in 
less than 10 3 cycles to produce the last 0.025 in. (0.65 mm) 
of growth. 

Mote 4— Elastic (Young's) modulus, E, in units of ksi will yield 
in units of ksi vW Elastic (Young's) modulus, E, in units of MPa will 
yield in units of MPa^/m. 

8. Procedure 

8.1 Measurements— Measure material thickness, B, to 
±1 % of J? at four locations near the crack plane. Measure 
specimen width, accurate to ±0.5 % of IV. 

8.2 Numberof Tests^Rtplicsite Ttaurvescan be expected 
to vary as do other properties in mechanical tests such as 
Charpy-V energies or tensile properties. A curve plotted from 
a single determination may be a smoothly increasing func- 
tion of crack extension, giving the impression that the single 
determination is an accurate representation. This is not 
necessarily .so; make at least one additional confirming test. 

8.3 Loading Procedure—hoid the M(T), C(T), and G(W) 
specimens incrementally, allowing time between steps for the 
crack to stabilize before measuring load and crack length (see 
Note 5). Cracks stabilize in most materials within seconds of 
stopping the loading. However, when stopping near an 
instability condition/ the crack may take several minutes to 
stabilize, depending, upon the stiflhess of the loading frame 
and other factors. 

Note 5— If autographic instrumentation is used, it is permitted to 
monitor load versus crack extension continuously, under monotontc 
loading. Load rate must bestow enough so as not to introduce strain rate 
effects into thc/teurve. Static K R cannot be determined when the crack 
is steadily creeping or accelerating at or near instability. 

8.3.1 Number of Data Points— While 7?-curves can be 
developed with as few as four or five data points, .ten to 
fifteen give improved confidence, and tougher materials 
usually require more data points. 

8.4 Physical Crack-Length Measurement* Op— Measure 
the physical crack length accurately to 0.01 in. (0.2 mm) at- 
each step using suitable measuring devices described in 6.6 
and 6.7. Physical crack length can also be measured with 
compliance techniques by partial unloading of the specimen 
after each increment, a technique described in 10.4. Adjust 
the physical crack length for plastic-zone, r Y , to obtain 
effective crack length for calculating K. 

8.4.1 in C(W) tests where the physical crack length is 
measured, determine the applied load or K from the relation- 
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TABLE 1 . Double Compliance Elastic Calibration Curve— CT and C(W) Specimens (12) 

■AppBcabte onty to the V 1 and V2 iocations shown In Fig. 7a and 7b, 



a/* 



C{W? 

4.74 

4.54 

4^35 

4.24 

4.09 

3.97 

3.B5 

3.74 

3.64 

3.55 

3.47 * 

3.39 

3.33 



CT 



e/w 



cm 



CT 



YA/v2 A 



CT 



yi/y2* 




0.350 
0.355 
0.360 
0.365 
0.370 
6.375 
.0.380 
*0585 
0.390 
0.395 
0.400 
0.405 
0,410 



5.56 

5.25 

5.00 

4.78 

4.62 

4.47 

4,33 

4.22 

4.11 

4.01 

3.91 

3.82 

3.75 



0.415 
0.420 
0.425 
0.430 
0.435 
0.440 
0.445 
0.450 
0:455 
0.460 
0.465 
0.470 
0.475 



3.27 
3.22 
3.16 
3.11 
3.06 
3.02 
2.97 
2.93 
2.89 
2.85 
2.82 
2.79 
2.76 



3.87 

ass 

3.53 
3:46 
3.39 
3.33 
3.27 
3.22 
3.17 
&13 
3.08 
3.04 
3.00 



0.480 
0.485 
0.480 
0.495 
0.500 
0.505 
0.510 
0515 
0.520 
0.525 
0.530 
0535 
0.540 



2.72 
2.70 
2.67 
2.64 
2.62 
2.59 
2.57 
2.54 
2.S2 
250 
2.48 
2,48 
•2.44 



258 
2.92 
2.88 
2.85 
2.61 
2.78 
2.74 
2.71 
2.68 
2.68 
2.63 
2.60 
2,58 



0.545 
0.550 
0.555 
0.560 
0.585 
0.570 
0.575 
0.580 
0585 
0.590 
0.595 
0.600' 



A v\(v2 is moderately affected by dip gage span with toss than % % error introduced by using 05-in. {20.3-mm) span 



measurernents on the crack 



TABLE 2 Oimensionless Stress Intensity Factors 

Note— W/iV » 0.8, 

V, at 0.1576r7 from loading pin centerfine; see Rg. 7a, 
V 0 fit 0.2SK/ from loading pin centcrSne; see Fig. 7a. 

~ CCT) or C{W) 



and Compliance in Plane Stress for the Recommended C(T) and C(W) 



C(X)E8y/P c 







etV c 


at V, 


'.350 


8.392 


29.89 


25.82 


.355 


6.475 


30.44 


26.33 


.360 


6558 


31.01 


26.85 


.365 


6.644 


3159 


' 27.38 


.37Q 


6,730- - 


. 32.20 


27.94 


.375 


8.818 


3232 


28.50 


.380 


6.906 


33.45 


29.05 


.385 


6.988 


34.10 


29.68 


.390 


7.090 


' 34.77 


30.29 


595 


< 7.183 


35.48 


30.91 


;400 


7.279' 


36,16 


31.55 


.405 


7.376 


36.88 


32.21 


.410 


7.475 


37.62 " 


32.86 


.415 


7576 


38.37 


3357 


.420 


7.678 


39.15 


34.27 


.425 


7.783 f 


39.94 


34.99 


.430 


7.890 


40.75 


35.73 


.435' 


7.999 


4159 


36.49 


.440 


8.110 


42.44 


37.27 


.445 


8.223 


43.31 


38.07 


.450 


8.340 


44.21 


3859 


.455 


8.458 


45.14 


39.73 


.460 


8580 


46.08 


.40.80 


.465 


8J04 


47.06 


41.49 


.470 


8.830 


48.06 


42.40 


.475 


8.960 


49.09 


43.34 



atV, 



a/w A 



CfQorC(W) 



C(l)EBv/P< 



at V 0 



atv, 



22.83 
23.35 
23.88 
24.43 
2459 
• 25.57' 
28.18 
28.76 
27.38 
. 28.02 
28.67 

29.33 

30.01 

30.71 

31.42 

32.15 

3250 

33.67 

34.45 

35.25 

36:08 

38.93 . 

37.80 

38.69 

3951 

4055 



.480 
.485 
.490 
.495 
500 
.505 
510 
515 



530 

.535 

540 

545 

.550 

555 

560 • 

565 

570 

575 

.580 

585 

590 

.595 

.600 



9.093 
9.230 
9.369 
9512 
9.659 
9.810 
9.964 
10.123 
10.286 
10.453 
10525 
10.B02 
10.984 
11.172 
11.364 
11.583 
11.767 
11.978 
12.195 
12.420 
12,651 
12.890 
13.136 
13591 
13.654 



50.15 
51.24 
52.36 
5351 
54.71 
5553 
57.20 
.5851 
59.88 
61.25 
62.70 
64.18 
65.72 
6752 
68.96 
70.67 
72.43 
74:25 
76.14 
78.10 
80.12 
82.22 
84.40 
36.64 



44.31 
4550 
46.33 
4756 
48.48 
49.60 
50,78 
51.95 
53.19 
* 54.47 
55.78 
S7.15 
5856 
60.01 
61,52 
63,08 
64.70 
66.37 
68.10 



71.74 : 

7358 
75.65 
77.72 
79.65 



A Inverted form from Raf. (13): 



C(T) at V, 
CfOal^ 



? From Rota. (14, 15): 



c FromRof.(12): 



e/W « Co + CM + C^Uf + CJW + C 4 {0< + C 6 M* 
U WEBvW* + 1) 

C 0 * C, Ca 

+1.0008 -4.4473. +15.400 

+1.0010 -4,6695 +18.460 

Accuracy Is a; ±0.00051V 



-18055 
-236.82 



C 4 
+870.92 
+1214.9 



C 6 
-14115 
-2143.8 



I 



(1 " a/V/p* 



C(T)e^o 
CfWJatV, 



+120.7 
+1035 
+101.9 



Ai 
-10655 
-930.4 
-948.9 



KSvfP » Ac + A,{a/W) + A&JWf + A 3 (a/W) 3 + A4(a/W)« 



+4098.0 
+3610.0 
+38915 



A 3 
-6688.0 
-5930.5 
-6064.0 



A< 

+44505 
+3979.0 
+4054.0 



Accuracy ±0.4 %% 0.35 < a/V/ < 0.60 




DISPLACEMENT, v, Hi 



FIG, 10 Detection of Buckling from Compliance Test Records of 

j M{T) and C(T) Specimens Compliance Test Records of M{T) and 

\ C(T) Specimens 

| ship of Table 2 using an r x adjustment to crack length to 

■; eater.the table. Since r Y is' a function of K, an iteration 

; procedure is necessary. 

; IL5 EffectiveCrack4^ngihMeasitremenl t — Compliance 

> measurements, v/P, made during the loading of specimens, 
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can be used to determine effective crack length, directly. 
The crack is automatically plastic-zone corrected and these 
values can be used directly in the expressions for K 

8.5 j Effective crack length can be determined directly in 
C(W) specimens using a double compliance technique (Note 
13). By determining the displacements at two different 
locations, VI and V2 t along the crack line, as shown in Fig. 
lb, an' effective crack length-to-width ratio, aJW, can be 
found from the displacement ratio vjv 2 Table L It is 
convenient to plot autograpbically V| versus v 2 on an X-Y 
recorder at lOOx and 200x, respectively. The load, P t can be 
calculated using a* and displacement at VI in conventional 
compliance relationships appearing in Table 2. In contin- 
uous X-Y plots, the wedge direction or load'ean be reversed 
at appropriate intervals to determine return slope Av/dv 2) 
which corresponds to physical crack length, using Table 1. In 
wedge systems, use a restraining jig to prevent withdrawal of 
the split pins along with the wedge. 

Note 6 — It is optional to use double compliance on QT) specimens. 
* The procedure is identical to that prescribed for C(W) testing, and 
effective crack lengths predicted should be identical to those predicted 
by single compliance. However, use the compliance relationships for 
CCD loading as is noted in Tables I and 2. 

8.6 Test Record £whwlionr-~lt compliance instrumental 
don is used, it is possible to determine when the specimen 
has developed undesirable buckling or when friction effects 
exist The detection technique involves periodic partial 
unloading of the specimen as is shown schematically in Figs: 
10 and 11. The initial part of the test record should have a 
linear portion which can be substantially retraced upon 
partial unloading. Should buckling or friction problems 
develop at some later stage in the test, the unloading and 
reloading ^opes will tend to diverge. If the slopes differ by 
more than 2 % or if one or both have no linear range, then 
buckling or friction is present which is sufficient to cause 
significant error in compliance indicated crack lengths. 
Added confidence can be obtained by comparing the crack 
lengths predicted from return slopes, to physical crack length 



li 

»*♦ * 



a 




2v1 

VI DISPLACEMENT 

FIG.* 11 Detection of Buckling from Double Compliance Test Records of C(W) Specimens 
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indicated with other more direct measurement methods. . 

8.7 Difficulties in the interpretation of test records will be 
encountered if the specimens are not flat prior to testing and 
if the plates contain regions of residual stress that are not 
negligible on a thickness average basis. 

8.8 M(T) Specimen Testing— -Carefully align the speci- 
mens in the testing machine to eliminate eccentricity of 
loading. Misalignment can result in uncontrolled or spurious 
stress distribution in the specimen, which could be trouble- 
some, particularly if compliance measurements are used to 
determine crack growth. Fixtures for measuring crack growth 
may be affixed to the specimen after applying a light preload. 
Starting crack length in a M(T) specimen is nominally 30 to 
40% of W, as established in 7.6.1. Measure this to the 
nearest 0.0 i in. (0.2 mm). 

8.9 C(T) mid C(W) Testing— Starting crack length in a 
C(T) and C(W) specimen is nominally 35 to 55 % of W, as 
set forth in 7.5. The stress distribution in these crack- 
line-loaded types of specimens is such that the crack could 
deviate away from the original notch direction as the crack is 
driven (8). This is usually observed in materials that have 
appreciable anisorropy of toughness and where the crack is 

. driven , in the tougher direction. Accuracy of the elastic 
placement relationships decrease with deviation from the 
crack Line; discard the data at deviation angles greater than 
10\ 

9. Calculation and Interpretation 

~ 9.1 To develop an JR-curve, generate and use crack length 
and load data to calculate K R . 

9.1.1 For the middle-cracked tension specimen use either 
of the two following and equally appropriate expressions: 

K x « {PjWB) yfa>[\m- 0.177 (2a/ W) + 3.77 (2a/W) 2 ) 

or 

K n - (P/WB) Ua sec {*a/W)) in 

where: 

P = applied load, 

B - spedmen thickness, 

. W— total specimen width, and 

a » the effective half crack size; the physical dimension 
plus plastic-zone adjustment. 

9. 1.2 For the QT) and C{W) specimens, determine K R as 
follows: 

where: 

J[a/W)~ [{1+ a/Mfil-a/Wff 2 } (0.886 + 4.64 (a/W) — 
13.32 {a}W? + 14.72 {a/Wf - 5.6 (a/W) A ] « 
Valid for any afWez 0.35 

a « plastic-zone corrected crack length measured from load 
line, a c> and 

W=* specimen width measured from the load line. 

9.1.3 Alternatively, values appearing in Table 2 may be 
used to calculate K R . 

9.1.4 The crack length used in the expressions of 9.1.1 
and 9.1.2 is the effective crack length, which is the total, 
physical crack length plus a correction for plastic zone, r Y . 
Correct physically measured crack lengths as follows: 



where: 



= original half-crack length in an M(T) test or \ 

length in C(T) and C(W) tests, 
= physical crack growth at one crack tip, and 
= plastic-zone adjustment 



r Y «(l/2T)(iC^/V) 
9 .J .5 The expression of 9.1.4 for r y is most accurate f 0r I 
high-strength materials of yield strength-to-density ratb \ 
above 700 000 psi/Ib-in." 3 (174 kPa/kg-ra~ 3 ). Low^ I 
strength, high-toughness materials require increasing reliai^ 
on compliance methods to correct for plastic-zone effects. 

10. Compliance Methods 

10.1 Determination of Effective Crack Length— The co^ 
pliance technique uses elastic-spring characteristics of: the 
specimen calibrated over varied crack lengths (9). A calibre, 
tion curve may be developed experimentally by elastically 
loading specimens of varied .crack sizes and determining the 
elastic reciprocal spring constant or reciprocal slopes of the 
various load versus displacement records, v/P. Norraalh* 
these reciprocal slopes for material thickness and elastic 
modulus and plot against crack length-to-specimen width- 
ratio. An analytically developed expression for the compli- 
ance of the M{T) specimen, which can be used instead of an 
experimentally developed curve (10) is as follows: 



2W 
*Y 



-j /cosh 7T YfW \ 
\ cos* a/WJ- 



1±SL 



\sinh irYflV) J 



1 + 



C2& Y 
valid for 0.2 < -ft < 0.8; ^ 



Y/W 



0.5 j 



where: 
E = Young's modulus, 

v » center-opening displacement at center hole, 
<r - gross stress, P/BW, 
P «load, 

B « specimen thickness, 
W « total specimen width, 
Y - half spa n of gage, 
.a = half-crack length, and 
\i = Poisson's ratio. 

10-2 The comphance calibration curve for a 16-in. {405- . 
mm) wide M{T) panel using near-zero gage span is presented 
in Fig. 12. Note that the accompanying analytical curve for, 
compliance was developed for a specific gage half-span- 
to-specimen width ratio, Y/W, 

10.3 in testing to develop an i?-curve, the test record of 
load versus clip-gage displacement for the M(T) and C(T) 
test, or the Vj versus v 2 record for the C(W) test, will have ao 
initial linear portion, the slope of which should correspond 
to the starting crack length in the specimen. 

10.3.Mn M(T) and C(T) tests, determine the normal 
compliance, EBv/P or Ev/cW, using the initial, linear 
reciprocal slope of the test record, specimen thickness, atf* 
the best readily a vailable value of the tensile elastic modulus* 
E, for the tested material. Look up the corresponding 
(predicted) crack size and if this value differs from the real 
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\A/VW 




i « I L. L I 

0 0.2 0,4 '0,6 0.8 1.0 

2a/w 



R<5- 12 Compliance Calibration Curve for a 16-in. Wide (405-mm) 
Middle-Cracked (M(T)) Panel with Near Zero Gage Span 

crack size by more than. 0,003 W y a modulus adjustment is* 
necessary. Determine a new value of E such that the nor- 
malized test record compliance predicts a crack size within 
0.00 1 W of the real crack size. This fitted modulus should not 
differ from an expected or theoretical; value by more than 
10 otherwise the test record is suspect and the data should 
& discarded. Make all subsequent crack size predictions 
(effective or physical) using the fitted modulus. 

Note 7— An alternative procedure that will give similar results is to 
^5 the above described values of EBv/P or EvjcW and normalized 
initial crack stze«ia the specimen, aJW> to establish one reference datum 
for specimen compliance behavior (EByff, aJW). Plot the point 
then adjust an overlay that contains the theoretical compliance 
^rve to pa^ through this point Normalized crack size is fixed zta^ W 
**** the adjustment is made on compliance only. Evaluation of crack 
increments in test are based upon progressive values of EBv/P 
Wed to the transposed curve. This .alternative procedure is not 
f^hematicaUy equivalent to the primary recommended procedure* but 
n ac ccptabJy comparable over an extensive change in a/Wtivt to crack 
**wth. * 

] 0.3.2 To develop an /?-curve for either a M(T) or a QT) 
^ draw secants to the test curve from the origin to 
^Urarily selected points on the test record (load versus 
^Placement) as shown in Fig. 13. The reciprocal. slopes of 
^fce secants correspond to effective crack lengths at their 



points of intersection with the test record. Normalize the 
reciprocal slopes with fitted elastic modulus and material 
thickness and enter the calibration record to determine 
aJW. 

10.4 An alternative procedure for M(T) specimens is to 
use normalized compliance in inverted form as is recom- 
mended in Test Method E 647. The following equations can 
be used, but it is important to recognize that they are an 
approximation to the more exact solution of paragraph 10. 1 . 
For greatest accuracy, determine an effective modulus, E M , 
given an initial crack size 2a ot and initial elastic reciprocal 
slope, {vjP) of a lest record: 

X - 4L00929 + 0.96868(2 aJW) 

- O.mp-a^Wf + 0.4457 \(laJW?, ( } 

E M B(t>/P) = ^4.5840*0 - X)? 4- {2Y/Wf (2) 
To predict crack size from compliance: 

2a/W « 1 .2235* - 0.699032** + 3.255S4* 3 

• ~ 6.65042* 4 + 5.S4X* - 1.66989^ ( ) 

Accurate within^ % for 0.3 < 2a/W< 0.8 and 2Y/W < 0.5. 

i 0.5 In M(T) and C(T) tests, partial unloading at any 
given point in the test will rdsult in a return slope diiferent 
from the secant discussed in 10,3.2. The unloading slopes 
. correspond to the. physical crack length. This load reversal 
shall be only enough to establish the return slope accurately 
from which the physical crack length can be determined. 
Should the test record not return linearly immediately upon 
unloading, factors other than material behavior are influ- 
encing the test record and return slope measurements should 
be suspect. 

1*0.6 In a C(W) test record (11% the initial linear relation- 
ship between displacements at locations VI and V2 corre- 
sponds to the starting physical crack length in the specimen,, 
and should be accurate within 0.005 W. The Vi/Vl double 
compliance calibration curve cannot be modulus adjusted as 
with the M(T) and C(T) specimen single compliance rela- 
tionships. Despite possible error in prediction of initial crack 
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FIG. 13 Schematic Test Record for M(T) or C(T) Specimens 
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length, do, the ability to determine increments of crack 
growth should remain unimpaired. However, if the starting 
crack length is in error by more than 3 % of % tnc data shall 
be discarded and the test equipment checked for conform- 
ance to the requirements of this practice. Increments of crack 
growth are indicated by subtracting the compliance-indi- 
cated initial crack length from the crack lengths determined 
in succeeding increments. 

1 0.7 Calculate K M in accordance with expressions in 9-1.1 
or 9.1.2 using compliance-determined effective crack 
lengths. 



11. Keport 

11.1 Report the following information: 
1 1.1.1 Type and size of specimen used, 

I. 1. 1.2 Crack propagation direction (see Test Method 
E 399 for coding system), 

I I . 1 .3 Material thickness, 

11.1.4 Yield strength, and 

11.1.5 Percent oblique fracture (of value as supplemen- 
tary information only). 

11.2 The incurve may be plotted in terms of either 
physical or effective crack extension. The legend shall 
contain -the following information: (a) the^method-ofplastio 
zone adjustment to the physical crack length, and (b) 
whether the abscissa is given in terms of physical or effective 
crack extension. Instability predictions, the procedure for 
which is described in Section 4, can be made only from 
effective crack-extension plots. 




TABLE 3 Variability in K R at Four Selected Levels of Effect JfXj 
Crack Growth, Aa n Seven Labs.-~Trip!icate Tests '^f 
Note— The standard deviation has been pooled tor ail laboratories testis j&h 
given alloy. Data on the round robin results are on fOe at ASTM Heado,^^ 
1918 Hace Street, Philadelphia, PA 19103. Request OR: £-24-1011. ^ ^ 

: 2024-T351 (oy - 48 ksl) 



Crack Growth* &3„ 

Grand Mean (21 specimens) 

Standard Deviation 



Crack Growth, ta* 

Grand Mean (20 specimens) 

Standard Deviation 



@ 0.1 tn. 
43.5 
1,8 



S 0.2 fa. 
1.8 



@ 0.3 in. 
1* 



7475-T73S1 { tf ,«59ksl) 
K fl( k5i^ 
@ 0.1 in. @0.2 in. ©0.3 tn. 

3.1 3.8 3.7 




12. Precision and Bias 

12.1 The precision of -R-Curve data is a complex syner- 
gistic function of the precision and accuracy of the instn> 
mentation used, set up of the test fixtures, and the perfor- 
mance of the test. The latter is a matter of care and skfll 
which cannot be prescribed in a standard method. An 
example of measurement precision that resulted from 
interiaboratory testing involving seven laboratories, each 
testing two materials, is given in Table 3. The 'two materials 
represent two levels of uniformity of behavior during stable 
crack growth; one presenting a slight tendency for crack 
pop-in. All laboratories participated with the compact, C(T)> 
specimen; but plan-view size and initial crack ^ size were 
varied as is allowed within the scope of this standard. 

12.2 An .fl-Curvc is not a single valued quantity, but a 
series, of quantities dependent on crack growth. Hence/ 
incurves are not easily analyzed to statistical methods/Bias 
cannot be evaluated because there exists no reference value: 
by which it is possible to identify a- value of K n at all of the 
possible levels of the effective crack growth, Aa^ . 
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